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Abstract We examine the interannual variability of the seasonal mean atmospheric circulation in the
Southern Hemisphere during austral winter. The three major modes are identified by rotated empirical
orthogonal function (REOF) analysis. As expected, REOF1 is associated with the Southern Annular Mode
which is dominated by internal atmospheric dynamics. REOF2 displays a wave train, linked to the western
North Pacific monsoon and the Pacific-Japan pattern in East Asia in the same season; REOF3 resembles the
Pacific-South American pattern. Externally forced variability strongly projects on both REOF2 and REOF3
so that in the ensemble mean, an atmospheric model with prescribed observed sea surface temperature
captures considerable parts of the time evolution of REOF2 (50%) and REOF3 (25%), suggesting a potential
predictability for the two modes.

1. Introduction

In the extratropical Southern Hemisphere (SH), the variability of the atmospheric circulation is dominated by
the Southern Annular Mode (SAM) throughout the year [Thompson and Wallace, 2000; Baldwin, 2001]. The
SAM is characterized by a roughly zonally symmetric dipole structure with opposing centers of action near
40∘ and 65∘S in the meridional direction and an equivalent barotropic structure in the vertical. The existence
of the SAM is generally attributed to internal atmospheric dynamics, limiting its predictability.

The impact of tropical sea surface temperature (SST) on the austral summer (December/January/February;
DJF) SH extratropical atmospheric circulation has been extensively studied. Many observational and mod-
eling studies have shown that El Niño–Southern Oscillation (ENSO) exerts a significant impact on the SAM
during austral summer when ENSO matures and peaks [e.g., Zhou and Yu, 2004; Grassi et al., 2005; L’Heureux
and Thompson, 2006; Fogt and Bromwich, 2006; Ding et al., 2012; Ding and Steig, 2013; Ding et al., 2015], though
this influence is modulated decadally by other factors [Ding et al., 2015].

By contrast, the interannual variability of the SH extratropical atmospheric circulation during the austral winter
season (June/July/August; JJA) has received comparatively little attention. The observed signature of ENSO on
the SH extratropical zonal mean circulation is weak and not significant in austral winter because of relatively
weak SST variations in the tropics in this season [L’Heureux and Thompson, 2006]. However, SH extratropical
atmospheric circulation variations display a significant zonal asymmetry in this season [Ding et al., 2012]. Based
on observational data, Ding et al. [2012] showed that in the Pacific sector, SST anomalies in the central tropical
Pacific exert an appreciable impact on the SH climate via the Pacific South American pattern [Karoly, 1989]
whereas in the Indian Ocean sector, eddy/mean flow interaction dominates the dynamics. Thus, both external
and internal variability can significantly affect the SH climate in austral winter.

Lin [2009] found that convective activity associated with the western North Pacific summer monsoon induces
a wave train that affects the extratropical SH climate. The western North Pacific summer monsoon displays
a high reproducibility and thus predictability since the 1970s [Li et al., 2012, 2014, 2015]. This implies that
the time evolution associated with the SH wave train identified by Lin [2009] is also likely reproducible in an
numerical model to some extent.

In this study, we examine externally forced and internal components of interannual variability of the austral
winter SH atmospheric circulation. Externally forced variations are separated from internal variations based
on an ensemble of atmospheric model integrations forced by observed historical SST data. Furthermore,
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the SST-induced reproducibility of the external components is further investigated, which defines an upper
limit on predictability. In section 2, the models and the experimental procedures are described. Section 3
presents the results, and section 4 provides a summary and discussion.

2. Experiments and Methodology

We employ a version of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmosphere
model, which was run at a horizontal resolution of T255 with 60 levels in the vertical, the same as used to
create the ERA-Interim reanalysis data [Dee et al., 2011]. An ensemble of experiments is performed. In the
experiments, the model sees the time series of observed global SST and sea ice [Dee et al., 2011] at the lower
boundary. Hereafter, this experiment is denoted as OBS-NO. For each austral winter from 1980 to 2014, an
ensemble of nine members was integrated. Each of the nine members was run with a slightly different initial
condition taken from around the beginning of May and run forward to the end of August.

The ensemble mean is performed to dampen internal variability and defined as the externally forced vari-
ability while internal variability is defined as the deviations from the ensemble mean. This method has been
employed in many previous studies [e.g., Rowell et al., 1995; Lu et al., 2006]. The underlying assumption is that
internal variability has the same statistical properties in each year and that the effect of perturbing initial con-
ditions has only a random effect on simulated seasonal variations among ensemble members [e.g., Rowell
et al., 1995; Lu et al., 2006].

3. Results

A varimax rotated empirical orthogonal function [von Storch and Zwiers, 2002] analysis was performed on the
austral winter (JJA) seasonal mean 500 hPa height (Z500) anomalies to investigate the dominant features of
atmospheric circulation over the extratropical Southern Hemisphere (domain 30∘S poleward). Hereafter, the
spatial pattern of rotated empirical orthogonal function (EOF) is denoted as REOF while the corresponding
time evolution is denoted as the rotated principal component (RPC). Z500 is from the ERA-Interim reanalysis
[Dee et al., 2011]. Prior to the analysis, the seasonal mean climatology has been removed to calculate anoma-
lies, which are then weighted by the square root of cosine of latitude to provide equal weighting of equal areas.
To emphasize interannual variability, all time series are detrended. The varimax rotation technique removes
the orthogonality constraint on EOFs, leading to more localized and at the same time more physically mean-
ingful spatial patterns [von Storch and Zwiers, 2002]. According to North et al. [1982], only the first three REOFs
(Figures 1 and 2) calculated from ERA-Interim can be significantly separated from each other and from the
remaining REOFs, so that they are the subject of focus in this study. In addition, we have repeated the analyses
using Z200 and Z700 from ERA-Interim (Figures S1 and S2 in the supporting information) [Dee et al., 2011] and
Z200/Z500/Z700 from National Centers for Environmental Prediction (not shown) [Kalnay et al., 1996], and the
corresponding spatial patterns of the leading REOFs show no qualitative change.

REOF-1 of ERA-Interim is shown in Figure 1a. It explains 27.8% of the variance and displays the well-known
features associated with the SAM. It is expected that the SAM, the dominant mode, is captured by the first EOF
[e.g., Thompson and Wallace, 2000; Ding et al., 2012]. The correlation (not shown) between the first principal
component and tropical SST is weak and not significant at the 95% level, consistent with the finding that the
ENSO projection onto the SAM is weak during austral winter [L’Heureux and Thompson, 2006]. Compared to
the spatial pattern of EOF-1 without rotation (Figure S3), the varimax rotation reduces the loading of action
in the Pacific sector near 110∘W but maintains the pattern in the Indian Ocean sector (Figure 1a). Ding et al.
[2012] also note that internal atmospheric dynamics (i.e., eddy/mean flow interaction) play a more important
role in the Indian Ocean sector than the Pacific sector.

REOF-2 from the ensemble mean of OBS-NO (Figure 1b), explaining 20.6% of the variance, displays the basic
spatial features associated with the SAM (Figure 1a) although the SAM is mainly an atmospheric internal mode,
and the ensemble mean is mainly composed of an SST-forced external component. This is probably because
performing ensemble mean over nine ensemble members does not suffice to dampen all internal variability.
Nevertheless, the correlation between RPC-1 of ERA-Interim and RPC-2 of the ensemble mean of OBS-NO
is only −0.1 (Figure 1c), further confirming that the SST-forced external component has only a negligible
effect on the time evolution of the austral winter SAM which is primarily dominated by internal atmo-
spheric dynamics. The rotated EOF analysis has also been performed on the internal components of OBS-NO.
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Figure 1. Spatial patterns of (a) REOF-1 of ERA-Interim (explaining 27.8% of the variance), (b) REOF-2 of the ensemble mean of OBS-NO (explaining 20.6% of the
variance), and their principal components are shown in Figure 1c. (c) The RPCs are normalized by their own standard deviation which is now carried by the
corresponding spatial pattern shown in Figures 1a and 1b. (d) The spatial patterns of REOF-1 (explaining 23.3% of the variance) calculated from the internal
component of OBS-NO, also carrying the standard deviation of the corresponding RPC (not shown).

Not surprisingly, the SAM comes out as the first REOF mode and explains 23.3% of the variance in the internal
variability (Figure 1d).

REOF-2 of ERA-Interim, which explains 17.7% of the variance, is characterized by a wave train emanating from
the south of Australia (Figure 2a). We note that its spatial pattern (Figure 2a) closely resembles the teleconnec-
tion pattern associated with the western North Pacific monsoon (WNPM) identified by Lin [2009]. Following
Wang and Fan [1999] and Li et al. [2014], the WF (Wang and Fan) index (Figure 2d) is defined as the difference
of the boreal summer (austral winter) mean 850 hPa zonal wind anomalies between (90∘–130∘E, 5∘–15∘N)
and (110∘–140∘E, 20∘–30∘N). The WF index measures the interannual variability of the western North Pacific
monsoon [Li et al., 2014]. The correlation between the WF index and the principal component associated
with REOF-2 (RPC-2) is −0.4 (significantly different from zero at the 95% confidence level). Sun et al. [2010]
also pointed out that the WF index is highly correlated (see Figure 2d) with the leading mode of interannual
fluctuations of the East Asian Summer (JJA; austral winter) Monsoon (EASM), also known as the Pacific-Japan
(P-J) pattern [Nitta, 1987]. Following Sun et al. [2010], and also see the supporting information (Figure S4), the
time evolution of the leading mode of the EASM is calculated and denoted as the P-J index hereafter. From
Figure 2d, it is apparent that there is a significant link between the EASM and REOF-2 of ERA-Interim; the
correlation is −0.35 (significant at the 95% level) between the P-J index and RPC-2 of ERA-Interim.

We now turn to the reproducibility of the time evolution associated with REOF-2. Given that the western North
Pacific climate is dominated by the externally forced component [Lu et al., 2006], that the WNPM displays a
high predictability [Li et al., 2012, 2014, 2015] and the link between the WNPM and REOF-2 of ERA-Interim,
we speculate that the externally forced component at least partly projects onto the spatial pattern associated
with REOF-2 (Figure 2a) so that its time evolution is at least partly reproducible. Indeed, the ensemble mean of
OBS-NO captures the major spatial features noted in REOF-2 of ERA-Interim (Figure 2a) in its REOF-3 (Figure 2c),
explaining 10.2% of the variance, despite smaller amplitude. The smaller amplitude is likely because per-
forming the ensemble mean dampens internal variability in the model whereas there is the likelihood that in
ERA-Interim, some internal variability projects on to this mode. It is also possible that the model underesti-
mates the magnitude of the mode due to model error. In any case, the corresponding principal components
of the two REOFs (Figures 2a and 2b) are shown in Figure 2c, and the correlation between them is around 0.7
(significantly different from zero at the 95% confidence level) from 1980 to 2014. It follows that the ensem-
ble mean captures about 50% of variability associated with the second mode in ERA-Interim, confirming that
externally forced variability strongly projects onto this mode.
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Figure 2. Spatial patterns of (a) REOF-2 of ERA-Interim (explaining 17.7% of the variance), (b) REOF-3 of the ensemble mean of OBS-NO (explaining 10.2% of the
variance), and their principal components (RPC) are shown in Figure 2c. (c) The RPCs are normalized by their own standard deviation which is now carried by the
corresponding spatial pattern shown in Figures 2a and 2b. (d) The inverse of RPC-2 of ERA-Interim, the WF index, and the P-J index (see the body text for the
definitions of the WF index and the P-J index, both of which are calculated using ERA-Interim). (e and f) The correlation between RPC-3 of the ensemble mean of
OBS-NO and observed SST and rainfall; dots in Figures 2e and 2f show that correlation is significantly different from zero at the 95% confidence level according to
a Student’s t test.

The links between REOF-3 of the ensemble mean of OBS-NO and observed SST and rainfall are investigated
(Figures 2e and 2f). Here we use the time series from the ensemble mean instead of ERA-Interim because the
signal-to-noise ratio is increased in the ensemble mean. It is apparent that this mode is linked to SST varia-
tions in the northern Indian Ocean and the western tropical North Pacific. The correlation with precipitation
(Figure 2f ) displays a tripole pattern with the centers of action located at the Maritime continent, the west-
ern tropical North Pacific and East Asia. We also checked the links with SST and precipitation using the RPC
corresponding to REOF-2 of ERA-Interim, and results are broadly similar (Figure S5). The distribution of rain-
fall anomalies (Figure 2f ) closely resembles the diabatic heating anomalies driving the interannual fluctuation
of the East Asian summer (JJA; austral winter) monsoon associated with the P-J pattern [see Sun et al., 2010,
Figure 5a]. Lin [2009] examined the global atmospheric circulation response to a diabatic heating anomaly
near the Philippines (Figure 2f ) using the simple general circulation model described in his paper. The results
show that the heating anomaly does indeed generate a SH wave train similar to that in Figures 2a and 2b and
also the P-J pattern in East Asia (refer to Figure 8 in Lin [2009]). It follows that the common anomalous rainfall
pattern associated with the P-J pattern and REOF-2 of ERA-Interim (REOF-3 of the ensemble mean of OBS-NO)
is likely the reason causing a significant correlation between them.

In ERA-Interim, REOF-3 explains 11.7% of the variance and depicts a wave train from the South Pacific to the
Amundsen Sea, reminiscent of the Pacific-South American (PSA) teleconnection [Karoly, 1989]. Compared
with EOF-3 (Figure S1), the varimax rotation reduces and enhances the loading of action in the Indian Ocean
and Pacific sector, respectively, so that REOF-3 manifests as a localized pattern in the Pacific sector (Figure 3a).
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Figure 3. Spatial patterns of (a) REOF-3 of ERA-Interim (explaining 11.7% of the variance), (b) REOF-1 of the ensemble mean of OBS-NO (explaining 30.9% of the
variance), and their principal components are shown in Figure 3c. (c) The RPCs are normalized by their own standard deviation which is now carried by the
corresponding spatial pattern shown in Figures 3a and 3b. (d) The correlation between RPC-1 of the ensemble mean of OBS-NO and observed SST; dots in
Figure 3d show that correlation is significantly different from zero at the 95% confidence level according to a Student’s t test.

Ding et al. [2012] indicated that SST variability in the central tropical Pacific impacts the SH climate via the PSA
pattern. The ensemble mean of OBS-NO captures the PSA pattern as its REOF-1 (Figure 3b), explaining 30.9%
of the variance, suggesting that the SST-forced external component strongly projects onto the PSA pattern.
The RPCs associated with REOF-3 of ERA-Interim and REOF-1 of the ensemble mean are shown in Figure 3c.
The correlation between the two time series is around 0.47 (significantly different from zero at the 95% con-
fidence level). It follows that the ensemble mean captures about 25% of the variance associated with the
observed PSA pattern with the suggestion from Figure 3c of a clearer link at decadal than at interannual time
scales. The time evolution of the PSA in the ensemble mean is significantly associated with SST (Figure 3d)
and rainfall (not shown) variations in the tropical central Pacific, consistent with Ding et al. [2012]. The corre-
lations are also calculated using the RPC of REOF-3 of ERA-Interim, and the relationship with SST and rainfall
in the central tropical Pacific is still significant (Figure S5).

4. Summary and Discussion

In this study, we examined the interannual variability of the extratropical Southern Hemisphere atmospheric
circulation during austral winter, which has received little attention. Both observations and an ensemble of
nine integrations by an atmospheric model forced with global observed sea surface temperature (SST) are
employed. The ensemble of experiments is referred to as OBS-NO. In the experiments, the ensemble mean
is taken to be the SST-forced component, while deviations from the ensemble mean are taken to be inter-
nal components. One caveat is that the ensemble mean of nine ensemble members may not be enough to
remove all internal variations; we should bear this in mind when looking at the ensemble mean.

Our analyses show that in ERA-Interim, austral winter atmospheric circulation interannual variability is
depicted by the three major modes identified through rotated EOF (REOF) analysis. The Southern Annular
Mode (SAM) is captured by REOF-1 as the dominant mode, and its existence is attributed mainly to internal
dynamics [e.g., Thompson and Wallace, 2000], which is further corroborated by noting that the SAM is the dom-
inant mode (REOF-1) of the internal component of the model experiment and that the ensemble mean fails to
capture a significant part of the variations associated with the observed SAM. In ERA-Interim, REOF-2 is marked
by a wave train emanating from Australia to the South Pacific, and REOF-3 is regarded as the Pacific-South
American pattern. Furthermore, REOF-2 displays an interhemispherical link with the western North Pacific
summer (JJA; boreal season) monsoon and even the Pacific-Japan pattern which is the leading mode of the
East Asian summer (JJA; boreal season) monsoon [Sun et al., 2010]. We note that externally forced variability
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strongly projects onto both REOF-2 and REOF-3 so that the ensemble mean of OBS-NO captures a consid-
erable part of the interannual variability associated with REOF-2 (50%) and REOF-3 (25%) in ERA-Interim.
Additionally, we have also projected the ensemble mean of OBS-NO onto the spatial patterns of the first three
REOFs calculated from ERA-Interim. The correlation between the principal components of ERA-Interim and
the derived time series by the projection onto the corresponding REOF spatial patterns shows little change
to that reported above (Figure S6). Finally, we note that our results have importance for predictability studies
of the extratropical SH climate.
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